acid-treated silica gel, and the OSHA (Occupational Safety & Health Administration) method 8 uses a glass tube containing carbon beads impregnated with sulfuric acid (CISA).
Activated carbon and carbon molecular sieves (CMS) are widely used for the analysis of volatile organic carbon (VOC) in the work place and indoor air. However, sampling by porous carbon, such as activated carbon and CMS, depends on physical adsorption, and thus these sampling methods are unsuitable for chemicals with a high adsorption potential, such as ammonia. Therefore, in the NMAM method and the OSHA method, silica gel and carbon beads impregnated with sulfuric acid are used, respectively; ammonia is collected by chemical adsorption between an acid and a base.
In a previous report, 9 we described that porous carbon carbonized at 500˚C (hereafter referred to as 500˚C porous carbon) was superior to other adsorbents regarding the ammonia adsorption effect. Porous carbon at 500˚C has many acidic groups, such as carboxyl groups and phenolic hydroxyl groups, on the surface, because the thermolysis of cellulose or lignin, which are the main components of wood material, actively occurs at 400 -500˚C, and many acidic groups are formed by thermolysis. Moreover, acidic groups are decomposed on account of thermolysis at temperatures above 500˚C. Therefore, the ammonia adsorption effect of 500˚C porous carbon depends on the chemical adsorption between ammonia and the acidic groups on the surface.
In this study, we examined 500˚C porous carbon to establish an analytical method for ammonia in air using it's superior adsorption capability. Ion chromatography was a rapid, selective and convenient method for the determination of ammonium ion. Therefore, the combination of ammonia The ion chromatographic determination of ammonia in air using a sampling tube of porous carbon carbonized at 500˚C was examined. When the mean recovery and the reproducibility for a series of five determinations were examined for 1 and 10 ppm ammonia gases, the mean recovery (n = 5) and the relative standard deviation were 97.0% and 3.5% for 1 ppm and 86.9% and 2.8% for 10 ppm, respectively. Furthermore, the recovery from 10 ppm ammonia gas increased with an increase in the extraction time, and a recovery of 99.7% was obtained for 180 min of extraction time. The mean collection efficiency for 1 and 10 ppm ammonia gas was 102.5% and 96.5%, respectively. The relation between the sampling volume and the peak area was linear, and the linearity was 0.999 of the correlation coefficient. The ammonia gas concentration in an actual goat shed could be determined by this sampling device for a sampling volume of 5 L at a flow rate of 1 L/min; 0.79 ppm of the determination value practically agreed as compare with 0.78 ppm from collection by a boric acid solution. 
Experimental

Preparation of sampling tube
Porous carbon as a collector was prepared using the same method as described in a previous report. 9 In short, Moso bamboo (Phyllostachys pubescens) was carbonized at 500˚C for 1 h, and the obtained porous carbon was then crushed and sieved with a particle diameter of 125 -1000 µm. Before the porous carbon was packed in a glass tube, it was dried at 115˚C for 3 h.
A sampling tube was prepared as follows: 0.2 g of 500˚C porous carbon, as stated above, was packed in a glass tube (4 mm i.d.), and then quartz wool was packed at both ends. As a comparative collector, activated carbon for a chromatograph (Wako Pure Chemicals, Osaka, Japan) was crushed, sieved with particle diameters of 125 -1000 µm, and dried at 115˚C for 3 h.
Preparation of ammonia gas
An ammonia standard gas was prepared from a PD-1B permeater (GASTEC, Kanagawa, Japan) and a P-3-M permeation tube (GASTEC) by passing air through a column containing activated carbon for examining the recovery and collection efficiency. The concentration of the prepared ammonia gas was determined using ion chromatography by referring to the sampling method of the indophenol method 10 as follows: 20 mL 0.5% boric acid solution was taken in an impinger, in which 5 L of ammonia gas was introduced at a flow rate of 1 L/min by a MP-Σ300 minipump (Sibata Scientific Technology, Tokyo, Japan). After ammonia was collected, the sample solution (25 mL with 0.5% boric acid) was prepared, and subjected to a determination of the ammonium ion concentration by ion chromatography.
The ionchromatographic conditions were the same as those for the determination in extracted solutions of porous carbon.
Surface properties of porous carbon carbonized at 500˚C and activated carbon
The specific surface area, the total pore volume, and the acidity were determined in order to evaluate the surface properties of 500˚C porous carbon and activated carbon for a comparative examination. The adsorption isotherms of nitrogen were produced, and then the specific surface area and the total pore volume were estimated using the BET method and the adsorption volume of a 0.95 relative pressure, respectively. A combined isotherm and a weak isotherm of ammonia at 25˚C were produced to evaluate the surface acidity by referring to ASTM (The American Society for Testing Materials) standard D4824.
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After the first adsorption isotherm (combined isotherm) of a sample exhausted at 200˚C was produced, a second adsorption isotherm (weak isotherm) of the same sample exhausted at 25˚C was produced. The monolayer chemisorbed volume was estimated from the bracketing method, and was regarded as the surface acidity. The adsorption isotherms of nitrogen and ammonia were produced using an autosorb-1C-VP2 (Quantachrome, USA).
Sampling method and collection efficiency
Five liters of ammonia gas prepared from a permeater was passed through a sampling tube containing porous carbon at a flow rate of 1 L/min using a MP-Σ300 minipump (Sibata Scientific Thecnology). The porous carbon was then removed from the sampling tube, and placed in a vial. Ammonia adsorbed on the porous carbon was extracted with 10 mL of 3 mM nitric acid, which was the same composition as the ion chromatography eluent in this study. The ammonium ion in the filtrated extract with a membrane filter was determined by ion chromatography. In addition, operation blanks were determined using high-purity nitrogen (> 99.99%) in the same way, too. When the collection efficiency was examined, the sampling tube and an impinger containing 0.5% boric acid for backup were connected in series, and ammonium ions in the extract of the collector and in the sampling solutions of the impinger were determined by ion chromatography. The analyte was extracted for 180 min. The collection efficiency was calculated using the following expression, because the collection efficiency of 0.5% boric acid was nearly 100%: 10 X (%) = C1/(C1 + C2) × 100, where X (%) is the collection efficiency, C1 (ppm) the ammonia concentration calculated from sampling tube, and C2 (ppm) the ammonia concentration calculated from impinger for backup.
Ion chromatographic condition
A non-suppressor ion chromatograph (792 Basic IC; Metrohm, Switzerland) consisting of a pump, an injector, and a conductivity detector was used for the determination of ammonia. The analytical column was a Shodex Y-421 (Shoko, Tokyo, Japan), and an eluent of 3 mM was used at a flow rate of 1.0 mL/min. A 20 µL sample loop was used for all injections.
Results and Discussion
Surface properties of porous carbon carbonized at 500˚C and activated carbon
The BET surface area, the total pore volume, and the surface acidity of 500˚C porous carbon and activated carbon are given in Table 1 . Both the BET surface area and the total pore volume of the activated carbon were larger than that of 500˚C porous carbon, which indicates that the physical adsorption effect of activated carbon is larger than that of 500˚C porous carbon. However, the surface acidity of 500˚C porous carbon was about 10 times larger than that of activated carbon. This result shows that the chemical adsorption effect of 500˚C porous carbon is larger than that of activated carbon.
Recovery and reproducibility
The mean recovery and the reproducibility for a series of five determinations were examined, when 1 and 10 ppm ammonia gases were analyzed. The mean recovery and the relative standard deviations under the extraction condition using 10 mL of 3 mM nitric acid for 30 min are given in Table 2 . The relative standard deviations were under 5% for both concentrations, which was the satisfactory reproducibility for the extraction condition. Although the recovery from 1 ppm ammonia gas was 97.0%, that from 10 ppm ammonia gas was 86.9% for collection using 500˚C porous carbon, which were unsatisfactory values. Therefore, an examination of the extraction conditions and the collection efficiency for the 10 ppm ammonia gas was further required. In collection by activated carbon, the recovery was 49.3%, and thus the ammonia determination using activated carbon was found to be difficult. The chemical adsorption effect for ammonia of activated carbon was lower than that of 500˚C porous carbon because of fewer acidic functional groups, as proved from the results concerning the surface properties of activated carbon. Furthermore, because the extract of porous carbon produced from bamboo contained little sodium ion, the separation between sodium ion and ammonium ion was satisfactory. However, the problem was that the separation between sodium ion and ammonium ion was not satisfactory due to a large amount of sodium ion in the extract of activated carbon.
Influence of extraction conditions
The relation between the extraction time and the recovery was examined, where 10 ppm ammonia gas was collected and ammonia was extracted with 10 mL of 3 mM nitric acid. In addition, the effects of ultrasonic wave irradiation on the recovery were also examined. The results are shown in Fig. 1 . The recovery increased as the extraction time increased, and was 99.7% for 180 min. Furthermore, the ultrasonic wave irradiation shortened the extraction time, and a recovery of almost 100% was obtained for 60 min. As a result, it was found that a satisfactory recovery was obtained for a 180 min extraction time without irradiation or for 60 min extraction with irradiation.
Collection efficiency of ammonia gas
When the collection efficiencies of 1 ppm and 10 ppm ammonia gas were examined at 1.0 L/min, they were 102.5% (n = 5) and 96.5% (n = 5), respectively. Furthermore, the collection efficiency increased to 97.6% (n = 5), when 10 ppm ammonia gas was collected at a rate of 0.5 L/min. Almost complete collection efficiency was obtained for 1 ppm ammonia gas. However, the collection efficiency was lower for 10 ppm ammonia gas, and then a sampling tube for backup was required for an unknown concentration
Relation between the sampling volume and the response
In order to obtain better analytical sensitivity, the relation between the sampling volume and ion chromatographic peak area of ammonium ion in the extract was examined. Sampling volumes of 0.1, 0.5, 1.0, 5.0, and 10.0 L of 10 ppm ammonia gas were examined at a rate of 1 L/min, and ammonia in porous carbon was extracted with 10 mL of 3 mM nitric acid for 180 min. The results are shown in Fig. 2 . As can be seen in Fig. 2 , the relation between the sampling volume and the peak area was linear, and the linearity was 0.999 as the correlation coefficient. These results indicate that the increase in the sampling volume provides a better analytical sensitivity in the determination of ammonia in air.
Application to an actual environmental sample
The proposed method using 500˚C porous carbon and boric acid was applied to the analysis of an actual environmental sample. A 5 L volume of air in a goat shed was collected with porous carbon at a flow rate of 1 L/min at the same time, and ammonia in porous carbon was extracted with 10 mL of 3 mM nitric acid for 180 min. A chromatogram of the extract is shown in Fig. 3 . Although sodium, potassium, magnesium, and calcium ions were eluted from porous carbon, their peaks did not influence the peak of ammonium. The ammonia gas concentration at 20˚C was 0.79 ppm for porous carbon collection and 0.78 ppm for the boric acid collection. The difference in the determined values was about 1.3%. Consequently, both determined values were in good agreement with the relative standard deviation of 3.5% for 1 ppm ammonia gas. The results obtained in the present experiment indicate that, when the concentration of ammonia in air is about 1 ppm, the determination of ammonia in air is possible by collecting ammonia from a 5 L air sample with 500˚C porous carbon. In addition, the sampling tube of 500˚C porous carbon was convenient for practical use. Fig. 1 Relation between the extraction time and the recovery with ( ) and without ( ) ultrasonic wave irradiation. Fig. 2 Relation between the sampling volume and the ammonium ion peak area.
Conclusion
Ion chromatographic determination of ammonia in air using a sampling tube of porous carbon carbonized at 500˚C was a rapid, simple, sensitive, and accurate method. Silica gel and carbon beads must be treated with sulfuric acid in the NMAM method and the OSHA method, respectively, while wood material is only carbonized at 500˚C in the present method. However, 500˚C porous carbon provided a similar collection efficiency to silica gel and carbon beads treated with sulfuric acid. Thus, it is expected that a sampling device using 500˚C porous carbon will be used for monitoring the workplace atmosphere or the prevention of odors.
